The zein proteins of eight opaque maize mutants were examined by reversed-phase high-performance liquid chromatography (RP-HPLC) and the microstructure of their endosperms by scanning electron microscopy (SEM). The opaque (0) mutants included 01, 05, 09) 010) 011) hI, Oh43JlI and V\ 64AJll. In these opaque mutant maize kernels, the proportion (%) of ex-zein, the major component of the alcohol-extractable storage proteins, resembled that present in normal maize lines. This is in contrast to the 50% reduction observed for opaque-2 (02) mutants. Whereas the 02 genotype has been found to contain protein bodies of reduced number and size, those in the non-02 opaque mutant kernels were of similar size to those in normal lines and were present in clusters in the endosperm. In non-02 opaque mutants, the protein compositions of the endosperms resembled those of normal maize lines. Therefore, the number of protein bodies present in the endosperm and their zein compositions do not appear to be responsible for hardness in normal maize kernels.
INTRODUCTION
Mutations at numerous loci in maize result in an opaque (0) kernel phenotype l . Opaque kernels are floury, susceptible to breakage and are classified on the basis of their dark appearance against a light background as a result of light scattering caused by fissures in the endosperm. Floury portions of normal kernels are similar to 02 endosperm, in which starch granules are spherical and uncompacted, and protein bodies are essentially absent 2 . The vitreous portions of normal kernels contain densely packed angular starch granules surrounded by protein 3 . Generally, vitreous kernels are harder and have higher protein contents 4 . Vitreous endosperm is largely absent in opaque kernels.
The term prolamin is applied to the alcoholextractable proteins of cereal seeds that have high contents of proline and amide nitrogen 5 . The trivial name zein, based on the generic Latin name, Zea mays, refers to the prolamin fraction of maize. Zeins, the seed storage proteins of maize, 0733-5210/9410 10057 + 08 $08.0010 57 are located in protein bodies 6 ,7. The presence of zein proteins has been suggested to be a chemical determinant of kernel hardness because a higher proportion of zeins is associated with the horny endosperm of maize 8 . Protein bodies are larger and are more numerous in endosperm regions with high zein content (horny endosperm) than in regions having low zein content (floury endosperm) 9 .
The opaque appearance of mutant kernels may be due to homozygous recessive traits (h1, 01 13 . In contrast to the reduced size and number of protein bodies usually seen in floury endosperm, cells containing high amounts of protein have been observed scattered at random in the floury endosperm of fi1 and 01 mutant kernels. The mean protein body diameter in fi1, hI and 01 mutants is similar to that of normal maize 6 . Because our research involved investigation of maize endosperm protein composition and distribu tion and their relationship to kernel hardness, a study was undertaken to quantify the proportions of zeins by reversed-phase high-performance liquid chromatography (RP-HPLC), and to determine the appearance of the opaque mutant kernels by scanning electron microscopy (SEM). Kernels were soaked in distilled water for 5 min, and pericarp and germ were removed. After drying overnight, kernels were ground for approx. I min/kernel in a WIG-L-BUG grinder (Crescent Dental Manufacturing Company, Lyons, Illinois) to pass a 250-llm aperture size screen. Ten kernels were pooled for analysis. The protein content was determined as Kjeldahl nitrogen, using a protein conversion factor of 6·25.
EXPERIMENTAL
Endosperm fractions were extracted with 70°10
Na acetate in 1'5-ml polypropylene tubes by shaking on a Buchler Vortex-Evaporator for 2 h at room temperature. A solvent: endosperm ratio of 5: 1 (v/w) was used for quantitative extraction of zeins l4 . Suspensions were centrifuged at 12 000 g for 5 min at room temperature in an Eppendorf centrifuge. The supernatants were analyzed by reversed-phase high-performance liquid chromatography (RP-HPLC).
RP-HPLC
Alcohol-extracted proteins were diluted 1: 10 with 55°10 (v/v) propan-2-01/5°10 (v/v) 2-ME and was then increased by l%/min for 25 min, followed by increases of 0·2°10/min for 30 min and then 1'68°10/min for 5 min. The column was operated at 55°C with a flow rate of 1 ml/min. Samples (20 Ill) were injected using a Waters Associates (Milford, Massachusetts) WISP 710B automatic sample injector and a Spectra-Physics (San Jose, California) SP8700 Solvent Delivery System. The absorbance of the column effluent was monitored at 210 nm (absorbance range=0·2) with a Beckman (Fullerton, California) Model 165 detector. The data were stored and processed on a ModComp (Ft Lauderdale, Florida) computer system.
Scanning electron microscopy
After removal of pericarp and germ, kernels were broken in half and mounted on a specimen holder with Elmer's Glue-All (Borden Inc., Columbus, Ohio). The fracture surfaces were sputter-coated with gold-palladium (60-40°10 alloy) and examined. Observations were made with an International Scientific Instruments (Milpitas, California) SS 130 scanning electron microscope.
RESULTS AND DISCUSSION
The nomenclature used for the alcohol-extractable maize storage proteins was that of Esen 15,16; the identities of the polypeptides present in the various peaks are shown in an RP-HPLC chromatogram ( Zein classes a,~and yare based on genetic classes determined by sequence homology20 22, differential solubility in aqueous alcohol solutions l5 and immunocytochemical studies l6 . It has been shown previously17 that peak 1 con tained~ zein (M r 15k). The y-zeins (M r 27k and 16k), y-zein j and y-zein 2 , were eluted in peaks 2 and 3, respectively. Multiple peak area 4 contained the a-zeins (M r 19k and 22k) and also the M r 10k 8-zein 14,23. The a-zeins comprise the major storage protein fraction extractable in 55% propan-2-ol and represent 30-50 % of the endosperm protein 24 .
In normal maize lines the proportion of a-zeins can vary, ranging from 71 to 84% of the alcoholextractable proteins 14 . Analysis by SDS-PAGE of prolamins from maize endosperm yields two major bands with apparent MrS of 19k and 22k 25 . The maize mutation 02 depresses the synthesis of the M r 22k zein polypeptides by approximately 50% 26 . The function of the 02 protein, which is coded for by the wild-type allele of the 02 locus, appears to be that of a transcription activation factor that in teracts with one or more zein promoter elemen ts 27 .
Examination of the alcohol-extractable endosperm proteins from opaque kernels revealed differences between 02 and non-02 mutants. In all cases equal weigh ts of endosperm were taken and all samples were treated in the same manner for extraction and HPLC analysis. Table I lists the proportions (percentages) of the various zeins present in opaque mutants and normal inbred W64A. Eighty-three per cent of the alcoholextractable protein of W64A was eluted in peak area 4 (a-zeins). For the commercial high-lysine (02) corn marketed by Crow's Hybrid Corn Company28, peak area 4 contained 40·5% of the alcohol-extractable protein (Fig. 1) . The peak area 4 of non-02 opaque mutants ranged from 66·5 to 81,8%, with an average of75·8 % . These latter figures resembled more closely the proportions found for normal corn lines than those for 02 mutants l4 . These findings are expected because a functional 02 protein is present in these mutants. The protein contents of the non-02 mutant endo- The proportion of the alcohol-extractable protein that was eluted in peak 1 (~-zein) ranged from 3·8 to 9'4% for non-02 mutants, compared with 3'8% for normal inbred W64A. Variability in retention time was observed for peak 1, which was eluted earlier for W64A.fil than for Oh43.fil (Fig. 2) . This difference was noted in 11 inbreds examined by Wilson 14 . Peak 3 (y-zein 2 ) contained 4·8 to 11'6% of the alcohol-extractable protein of non-02 mutants, whereas the values for normal inbred W64A and Crow's high-lysine corn were 4·9 and 16'7%, respectively. Differences were observed in individual components of multiple peak 4, bu t the proportions of the various zeins in all the non-02 mutants (Figs 2 and 3 ) examined by RP-HPLC resembled those in normal corn lines. In non-02 mutant endosperm, the proportions of the various alcohol-extractable proteins were similar to those found in W64A and in the hard endosperm of non-mutant lines 31 . This suggests that their protein bodies are of similar composition. Because the total amount of alcohol-extractable protein was higher in normal corn lines, as indicated by the total area beneath the peaks on the chromatograms, the actual number of protein bodies in non-02 opaque endosperm may be lower or the protein bodies may be smaller. Examination of the kernels by scanning electron microscopy was undertaken to determine the size of the protein bodies.
Scanning electron micrographs of untreated, fractured kernels are presented in Figs 4 and 5. In Fig. 5(a) and (b) ]. Densely packed protein bodies were present in mutant hI [ Fig. 4(d)] . Typically, the junction between horny and floury endosperm was abrupt, as shown for mutant 011 [ Fig. 5(c) ]. Opaque 10, an ethylmethane sulphonate (EMS)-induced mutant derived from a nondescript genetic background (M. G. euffer, U niversity of Missouri, Columbia, Missouri, pers. comm.), had irregularly-shaped starch granules [ Fig. 5 (d) ]. Perhaps 010 starch granules were different because the mutant had been chemically-induced. EMS-induced mutations occur at high frequency and can be multiple in nature, as opposed to spontaneous mutations, which occur at low frequenci 2 . It is possible to obtain a mutation by chemical mutagenesis that would be much less likely to occur by spontaneous mutation. The other opaque mutants were spontaneous .
.. In ongIn.
The factors responsible for kernel hardness in corn have not been fully characterized, although prolamin proteins (zeins) have been suggested to be involved 8 . umerous protein bodies are typically found in vitreous endosperm compared to floury regions, which have higher concentrations of starch. The proportions of zeins present in non-02 mutant kernels described here were similar to those found in non-mutant lines, yet the endosperm was floury.
Four possible combinations can occur in maize concerning the types of starch granules and protein bodies. zeins are reduced in amount. Starch granules are loosely packed and spherical, except for (3) QPM lines, in which the in trod uction of modifier genes into the 02 background has resulted in vitreous endosperm and densely packed starch granules. (4) Loosely packed starch granules and protein bodies of normal size were present in the opaque mutants (01,05,09,010,011, h1 andfl1) examined here. Therefore, the presence of protein bodies cannot be considered responsible for conferring hardness on the grain. Conversely, the data suggested that the presence of small protein bodies or the absence of a particular a-zein class is not responsible for the floury (opaque) phenotype.
I t is possible that hardness maybe associated with a specific type of starch granule, as has been observed with reconstituted endosperm from wheat. When tablets reconstituted with starch, gluten and water-soluble fractions from hard and soft wheat flour were used to measure endosperm tensile strength, the starch fraction had the dominan t influence on the tensile strength of the tablet 33 . Examination of maize starch granules has revealed a statistically significant higher amylose content in hard endosperm, compared with soft endosperm (M. A. Dombrink-Kurtzman and C. A. Knutson, unpublished results).
CONCLUSIONS
Examination of the alcohol-extractable endosperm proteins from opaque mutants revealed differences between 02 and non-02 mutants. In 02 lines, the proportion of a-zeins was reduced by 50(10 compared with non-mutant lines. In contrast, the proportion of a-zeins in the non-02 opaque mutants was in the normal range. The proportions of the~-and y-zeins in all the non-02 opaque mutants examined by RP-HPLC were similar to those in non-mutant corn lines. The total amount of alcohol-extractable protein was higher in normal corn lines than in non-02 opaque mutants, indicating that the number and/or the size of protein bodies in these opaque mutants may be smaller. Clusters of protein bodies of normal size were observed in non-02 opaque kernels when examined by SEM. The starch granules of all opaque mutants were relatively free of adherent material. The resul ts suggest that the presence of protein bodies con taining the normal proportions of the various zeins cannot be considered responsible for hardness in maize kernels.
